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Foxp3
+ regulatory T cells in peripheral tissues (pT regs ) are instrumental in limiting inflammatory responses to nonself antigens. Within the intestine, pT regs are located primarily in the lamina propria, whereas intraepithelial CD4 + T cells (CD4 IELs ), which also exhibit anti-inflammatory properties and depend on similar environmental cues, reside in the epithelium. Using intravital microscopy, we show distinct cell dynamics of intestinal T regs and CD4 IELs . Upon migration to the epithelium, T regs lose Foxp3 and convert to CD4 IELs in a microbiota-dependent manner, an effect attributed to the loss of the transcription factor ThPOK. Finally, we demonstrate that pT regs and CD4 IELs perform complementary roles in the regulation of intestinal inflammation. These results reveal intratissue specialization of anti-inflammatory T cells shaped by discrete niches of the intestine.
T he gut mucosa is exposed daily to large amounts of both harmless and potentially pathogenic stimuli; hence, diverse immune regulatory mechanisms must operate to avoid inflammatory diseases (1) . Peripheral Foxp3-expressing regulatory T cells (pT regs ) mediate suppression of a variety of immune cells and actively prevent inflammatory bowel diseases and food allergies (2) (3) (4) (5) (6) (7) . Similar to pT regs , Foxp3 -CD8aa + CD4 + intraepithelial lymphocytes (CD4 IELs ) depend on retinoic acid (RA) and transforming growth factorb (TGF-b) signaling for their development and also have anti-inflammatory properties (4, (8) (9) (10) (11) (12) (13) . However, whereas CD4 IELs accumulate in the intestinal epithelium, few total T regs (including pT regs and thymically derived T regs ) can be found at this site (fig. S1, A and B). We asked whether and how the intestinal environment segregates pT regs and CD4 IELs , which transcriptional factors are involved in this regulation, and what the implications are for gut inflammation.
We used intravital multiphoton microscopy (IVM) to investigate whether T regs are actively excluded from the gut epithelium. For tracking in vivo T reg dynamics, we used tamoxifen-inducible Foxp3
CreER-eGFP :Rosa26 lsl-tdTomato (iFoxp3 Tomato ) mice (14) , which allow T reg fate mapping and the ability to distinguish between cells that currently express and cells that once expressed Foxp3. We compared T reg movement patterns in these mice shortly (24 hours) after tamoxifen administration, which allows the visualization of bona fide T regs (Tomato + ), to thymically derived gd IEL cell movement patterns (15) . We found that more than 80% of TCRgd GFP cells preferentially remained in the epithelium, whereas 68 and 14% of Tomato + cells were considered lamina propria and IE residents, respectively, throughout the duration of image recordings (Fig. 1, A and B, and movies S1 and 2). Among the remaining (~18%) migrating Tomato + cells, cell tracking indicated that cells moved into the epithelial layer from the lamina propria more frequently than vice versa (Fig. 1, B 
CD8a
-CD4 + cells in the small intestinal epithelium lack ThPOK expression (fig. S1C). We thus asked whether down-modulation of ThPOK influences CD4 + T cell dynamics. We performed IVM using an ovalbumin (OVA)-specific T cell receptor (TCR) transgenic system (OT-II), in which oral OVA exposure leads to incremental ThPOK loss by intestinal CD4 + T cells (10, 16 ), remained in the epithelial layer (Fig. 1, D and E, and movie S3). Migrating ThPOK high cells showed movement patterns similar to those of T reg cells, with preferential displacement from the lamina propria into the epithelial layer, suggesting that part of these cells convert into ThPOK low cells, or die, in that compartment (Fig. 1F ). These observations indicate that loss of ThPOK corresponds to an IEL-like behavior in CD4 + T cells. Additionally, the discrepancy between the capacity of T regs to visit the intestinal epithelium and their low frequency in this layer suggests that this environment may favor T reg plasticity.
To directly examine T reg plasticity in the gut tissue, we performed T reg fate mapping using naïve adult Foxp3
Cre-YFP :Rosa26 lsl-DsRed (Foxp3 DsRed ) mice (17) . Analysis of peripheral lymphoid tissues isolated from Foxp3
DsRed mice revealed an almost complete concurrence between Foxp3 reporter (YFP, yellow fluorescent protein) and DsRed expression, confirming previously described stability of the T reg lineage (14, 18 Commensal bacteria play a major role in the induction of large intestine lamina propria pT regs (3, (5) (6) (7) 20) . In contrast, we observed an increased frequency of pT regs (Neuropilin-1 -Foxp3 + ) in the small intestinal epithelium isolated from germ-free (GF) mice when compared to specific-pathogenfree (SPF) controls ( Fig. 2A) . The total number of T regs in the epithelial compartment was comparable between GF and SPF mice, even though GF mice showed an almost 10-fold reduction in the number of intraepithelial CD4 + T cells ( Fig. 2A ). Consistent with a reciprocal ThPOK or Foxp3 expression and CD4 IEL differentiation, we found an increased frequency of ThPOK high CD4 + T cells and significantly reduced numbers of CD4 IELs in GF mice (Fig. 2B) . We therefore reasoned that the instability of T regs in the gut epithelium was influenced by the microbiota. To address this possibility, we treated iFoxp3
Tomato mice with broadspectrum antibiotics for 5 weeks, immediately after tamoxifen exposure. We observed that microbiota depletion prevented Foxp3 loss within the Tomato + CD4 + T cell population, resulting in an accumulation of T regs in the epithelial compartment SCIENCE sciencemag.org 24 JUNE 2016 • VOL 352 ISSUE 6293 (Fig. 2, C and D 
Rag1
-/-mice exposed to oral OVA ( fig. S2F ). Along with the above data, these observations substantiate a microbial-induced plasticity of T reg cells in the epithelium, corroborating intratissue specialization and conversion of gut CD4 + T cells. Next, we analyzed whether the reciprocal properties of pT regs and CD4 IELs were influenced by lineage-defining transcription factors. We first determined the role of ThPOK by crossing Thpok fl/fl (22) with Cd4 CreER mice (23) for Thpok depletion upon tamoxifen treatment (16) (fig. S3A ). In vivo administration of tamoxifen to iCd4(DThpok) mice (16) 1 week before analysis resulted in a 32 to 48% reduction in the frequency of Foxp3 + T regs in lymphoid and intestinal tissues, respectively, whereas an increase in CD4 IELs was observed only in intestinal tissues ( To target the CD4 IEL lineage defining transcription factors, we generated mice with conditional deletion of Runx3 or Tbx21 (encoding T-bet), which mediate down-regulation of ThPOK in developing CD4 IELs (9, 10) . We analyzed the epithelial compartment of Cd4(DRunx3) mice and found a reduction in the frequency and number of CD4 IELs and, conversely, enrichment in T regs (Fig.  3E) . Next, we analyzed mice in which Tbx21 was excised early [driven by Ox40
Cre (24)] or late [driven by E8 I Cre (25) ] during the CD4 IEL differentiation (16) . Ox40(DTbx21) mice also showed reduced numbers of CD4 IELs and roughly a twofold increase in T regs in the epithelium, whereas E8 I (DTbx21) mice showed reduced numbers of CD4 IELs but normal numbers of T regs in the epithelium when compared to Cre -control mice (Fig. 3E ). Collectively, the above data provide a possible mechanism for the reduced number of T regs in the gut epithelium, where collaboration between Runx and T-bet results in down-modulation of ThPOK, and Foxp3, in CD4 + T cells (9, 10) .
Oral exposure to TCR ligands results in both pT reg and CD4 IEL differentiation in a TGF-b-dependent manner (4, 8, 10, 11, 13, 26) . We asked whether the intratissue adaptation of pT regs and CD4 IELs influences the outcome of T cell responses to dietary antigens by using a transcription factor-based targeting of these lineages in OVA-specific TCR transgenic mice on a Rag1 -/-background (16).
Conditionally targeting Runx3 in the OT-II model [OT-II(DRunx3)] prevented ThPOK loss and CD4 IEL differentiation and also affected pT reg differentiation in the large intestine, although no differences in cytokine production were found when compared to control OT-II mice ( fig. S4, A to D) . Whereas OVAchallenged control OT-II mice showed few or no signs of intestinal inflammation, OT-II(DRunx3) mice readily developed diarrhea and severe pathology, as confirmed by fecal lipocalin-2 concentrations (Fig. 4, A . Data are expressed as mean ± SD from three to six independent movies. ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001 (Student's t test).
OT-II cells (16) . We found that transferred wildtype CD45.1 OT-II cells, which could differentiate to both pT reg and CD4 IELs , as well as CD4 + T cells from tamoxifen-treated iOT-II(DThpok) mice, which could only differentiate to CD4 IELs , rescued the diarrhea and inflammatory phenotype observed in OT-II(DRunx3) mice (Fig. 4, B and C,  and fig. S4, H and I ). These data indicate that a balance in ThPOK levels regulates inflammatory, CD4
+ T cell-mediated responses to dietary antigens. Additionally, these results suggest that CD4 IELs exert a cell-extrinsic control of local intestinal inflammation.
To investigate whether pT regs and CD4 IELs play complementary anti-inflammatory roles in the intestine, we compared T cell responses to dietary OVA using BALB/c background monoclonal OVAspecific TCR strains, carrying either wild-type Foxp3 or a scurfy mutation (Foxp3 sf ) (16) , which results in a Foxp3 loss of function (27) . In contrast to OT-II mice (C57BL/6 background), TBmc Foxp3 wt mice fed an OVA diet showed a high rate of pT reg induction in all tissues examined, but less ThPOK loss and fewer CD4 IELs in the epithelium ( fig. S4, A to C and J to N) . Conversely, TBmc Foxp3 sf showed a high degree of ThPOK loss and increased CD4 IEL development in the small intestine, with a frequency that mirrored the relative amounts of pT regs in TBmc Foxp3 wt mice ( fig. S4 , J to N). However, no inflammatory phenotype or diarrhea was observed, even in the absence of functional Foxp3 in this monoclonal model (Fig.  4, D to F) . To examine whether exaggerated CD4 IEL differentiation could compensate for the absence of pT regs in TBmc Foxp3 sf mice, we depleted CD4 IELs using antibodies against CD8a (anti-CD8a) during OVA feeding (fig. S4, M and N 
Foxp3
sf treated with control antibodies, showed severe intestinal inflammation and diarrhea (Fig.  4, D to F, and fig. S4O ). These results support a model in which CD4 IELs and pT regs cooperate in the regulation of local intestinal inflammation.
The single-layered intestinal epithelium constitutes a uniquely challenging location for immune regulatory processes, given its proximity to highly stimulatory luminal contents and limited spatial organization. It is currently thought that T regs use several redundant and complementary mechanisms to suppress inflammatory responses, and their capacity to sense specific environmental cues plays a major role in their function (28) (29) (30) . The physiological instability that we observe in the T reg lineage within the intestinal epithelium may represent an important modulation of regulatory activity that is coordinated by this particular environment (3, 20, 28, 31, 32) . Although our targeting strategies do not discriminate between the function of "ex-T regs " and "directly converted" CD4 IELs , natural or forced ThPOK down-modulation was previously associated with an impaired helper function in CD4 + T cells, including reduced production of proinflammatory cytokines and reduced expression of costimulatory molecules (8, 10, 33) . The data presented here support a cell-extrinsic suppressive role for CD4 IELs , although the likely epithelium-specific mechanism used by these cells to actively regulate or prevent tissue inflammation remains unclear. However, a role for CD4 IELs in triggering inflammation via their cytotoxic activity, in specific contexts, is conceivable (8, 34) . Nevertheless, the observation that particular environmental cues, such as the microbiota, induce plasticity of seemingly stable lymphocyte lineages may contribute to the understanding of how specialized tissue-adaptation pathways function to balance efficient immune protective responses with tissue tolerance. The human brain has enormously complex cellular diversity and connectivities fundamental to our neural functions, yet difficulties in interrogating individual neurons has impeded understanding of the underlying transcriptional landscape. We developed a scalable approach to sequence and quantify RNA molecules in isolated neuronal nuclei from a postmortem brain, generating 3227 sets of single-neuron data from six distinct regions of the cerebral cortex. Using an iterative clustering and classification approach, we identified 16 neuronal subtypes that were further annotated on the basis of known markers and cortical cytoarchitecture.These data demonstrate a robust and scalable method for identifying and categorizing single nuclear transcriptomes, revealing shared genes sufficient to distinguish previously unknown and orthologous neuronal subtypes as well as regional identity and transcriptomic heterogeneity within the human brain.
A lthough substantial progress has been achieved in mice (1-3), comprehensive classification of adult human brain neurons on the basis of their single-cell transcriptomes has yet to be realized. Examination of individual neuronal gene expression profiles for functional patterns could provide unbiased insights into subtypes from defined neuroanatomical regions, which are missed by gross anatomical studies that report limited transcriptomic differences across the neocortex (4-7). Previous analyses of single adult human neurons have been dependent on methods compatible with freshly isolated neurosurgical tissues (8) , which can be difficult to obtain, with limited regional sampling and depth. In contrast, postmortem tissues provide a vastly more accessible source of both normal and diseased brain, in which challenges to interrogating single neuronal genomes can be overcome by using single nuclei (9, 10) combined with RNA sequencing. Here, we report the development of a scalable pipeline from postmortem brain through nuclear transcriptome analyses that identifies both known and previously unknown neuronal subtypes across the cerebral cortex in humans.
With the goal of defining transcriptomic profiles of single neurons, neuronal nuclear antigen (NeuN) was used (9) to isolate neuronal nuclei ( fig. S1 ) from the postmortem brain of a normal, 51-year-old female (Fig. 1A) . We focused on six classically defined Brodmann Areas (BAs) with well-documented anatomical and electrophysiological properties that were derived from a single cortical hemisphere because interhemispheric and interindividual transcriptome differences were reported to be minimal (4-7). Isolation of nuclei was used to reduce transcriptomic contamination from other cells or degradation encountered with whole-neuron dissociation or laser caption microdissection ( fig. S2) . Furthermore, sequencing of RNA from single nuclei on a limited scale has found gene expression values comparable with that of the whole cell (11, 12) . Therefore, we developed and implemented a highly scalable, single-nucleus RNA sequencing (SNS) pipeline (13) (Fig. 1A and figs. S1 and S3 to S8) that has broad applicability for postmortem brains derived from multiple brain banks or repositories ( fig. S4F) .
Using this pipeline, we processed 86 Fluidigm C1 chips and sequenced 4488 single nuclei to an average depth of 8.34 million reads (table S1 and fig. S5 ). Genomic mapping rates revealed a high proportion of reads that corresponded to intronic sequences (Fig. 1A and fig. S5A ). The low percentage of intergenic reads argues against possible genomic contamination. Instead, the intronic reads likely captured an abundance of nascent RNA transcripts present in the nuclei. Intronic reads can be used to predict de novo expression (14) , as well as whole-cell gene transcription levels (15) . Additionally, our single-nuclei expression data inclusive of intronic reads accurately predicted cellular identity ( fig. S7 ), providing initial validation for our SNS pipeline.
After quality filtering, including removal of doublets misclassified as single nuclei (Fig. 1A and  fig. S6 ) (13), we achieved 3227 data sets across the six cortical regions (Fig. 1A and table S2 ). To identify neuronal subtypes, we developed a clustering and classification strategy that was capable of resolving 17 clusters ( fig. S8A) (13) on the basis of differential expression of neuronally annotated marker genes (tables S3 and S4 and fig. S8B ). These clusters showed distinct subgroup aggregation (Fig. 1B and  fig. S9A ) and specific gene expression profiles associated with neuronal ontologies (Fig. 1C, fig. S9B , and tables S5 and S6). With the exception of a single cluster (NoN, n = 44 data sets) deriving from one C1 chip having reduced mapping rates, 16 of these clusters were generated independent of detectable batch effects (table S2 and fig. S10 ). Differential expression of inhibitory markers associated with GABAergic interneurons (table S3) distinguished potential inhibitory (In) from excitatory (Ex) neuronal subtypes (Fig. 1B) , which is consistent with mutually exclusive positivity of associated marker genes using a fraction of positive (FOP) thresholding method ( Fig. 2A) (2) . As such, our data set first differentiated two major classifications within the cerebral cortex: 972 inhibitory
